Under the harsh conditions imposed by the processing or due to an "overheating event", the superalloy 718 may be exposed to very high temperatures, which can result in degradation of the microstructure. The time under such high temperatures can be short, as during the welding process, or long, as during reheating or homogenization of billets. Operational events or accidents that induce very high temperatures can also be a source of microstructural degradation. The present work aims to study the effect of a very high temperature on the degradation of the microstructure of the nickel base superalloy 718. Samples were heated up to 1300
Introduction
Nickel-based superalloys are high strength materials finding applications as structural components. The operational environment usually involves high temperatures and/or degrading atmospheres. The superalloy 718 is a precipitation hardened alloy with good formability and weldability, able to operate from cryogenictemperatures up to 650 • C [1] . The alloy presents significant additions of alloying elements such as Fe, Cr, Mo, Nb, Al and Ti and it is prone to intense segregation [2, 3] . Various phases can be formed during processing or after specific heat treatments. For fabrication processes such as welding the alloy is exposed to temperatures up to the melting point. Specifically in the heat affected zone, liquation along grain boundaries and phase interfaces are likely to occur. But, for almost all the welding processes, the heating rate is very high, meaning that the residence time at this temperature is short and, consequently, the liquation is limited to a narrow region. Operational events or accidents can also lead to very high temperatures, resulting in material degradation. Such occurrences can present durations longer than the time related to welding processes. As a consequence, more intense grain boundary liquation is expected. Furthermore, high temperature oxidation can aggravate the degradation process. For example, Greene and Finfrock [4] presented the case of clads for water cooled tungsten targets. Overheating accidents can lead to temperatures exceeding 1200 • C with a duration of tens of minutes. Reheating processes previous to thermomechanical processing or high temperature heat treatments such as the homogenization can be another source of overheating [5, 6] . The process temperatures are usually close to 1200 • C, but variations on the temperature profile inside the reheating furnaces can lead to overheating occurrences [7] [8] [9] . Dupont et al. [10] related the liquation phenomena with segregation, constitutional liquation or melting of eutectic constituents. Greene and Finfrock [4] conducted very high temperature oxidation evaluations and showed that the oxidation behavior of the superalloy 718 can change, depending on the temperature range. In this regard, the objective of the present work is to evaluate the degradation of the microstructure via an emulation of an overheating event at 1300 • C from 1 min to 480 min.
Methods
Samples of superalloy 718 with dimensions of 12 mm × 12 mm × 4 mm were cut from a 4-mm thick hot rolled plate. Table 1 presents the chemical composition of the samples, determined by optical emission spectroscopy. The samples were submitted to a solution annealing heat treatment at 1030 • C for 2 h, to promote full recrystallization and dissolution of the ␦, ␥ ′ and ␥ ′′ phases.
Thermodynamic calculations were performed, aiding to define the overheating temperature and the phases present. The calculations were made with the Thermocalc software [11] with the thermodynamic database TCNI8 [12] . Based on the calculations, the temperature defined was 1300 • C. At this temperature, it was indicated by the calculations that the Nbrich MC carbide would be completely dissolved, as presented in Fig. 1 . The time intervals set for the tests were 1, 5, 15, 30, 60, 120 and 480 min. A muffle furnace was used, with a thermocouple positioned close to the samples, and the temperature was maintained in the 1300 ± 5 • C interval. After the heat treatments, the samples were cooled in water. The metallographic preparation consisted of mounting the samples in resin, grinding with emery paper up to 2500 meshs and polishing with diamond paste up to 1 m. The microstructural evaluation was conducted with a JEOL JSM 6460 LV and FEI Versa 3D scanning electron microscopes (SEM), using backscattered and secondary electrons modes and energy dispersive spectroscopy (EDS) with 20 kV. For each sample, five images were made. The image analysis was performed with the Image J open source software. The grain size measurement procedure was based on the Heyn method, described in the ASTM E112-13 standard [13] . The phase fraction was calculated from binary images, transformed from the backscattered SEM images with 8-bits grayscale. The phases presented were also analyzed by X-ray diffraction using a Shimadzu XRD 6000 equipment (Cu k-␣ emission, scan speed of 2 • /min and 10-80 • scan range).
3.
Results and discussion the rolling direction. For the samples exposed to the overheating emulation, a longer residence time at 1300 • C resulted in an increasing fraction of Nb-rich regions, preferentially at the grain boundaries, as well as an increase in grain size. Additional regions of Nb-rich phases were observed inside some grains. These morphologies were noticed even for a short time as 1 min. Fig. 3 shows the detailed image of the microstructure at the grain boundary region, showing the Nb-rich phases. The lamellar morphology observed is associated with Laves phase, resultant of previous liquation of grain boundaries [10, 14] . A "Chinese script" morphology is also observed, and is associated with (Nb,Ti)C carbides [14, 15] . At 1300 • C there is the dissolution of the bulky MC particles. Upon cooling, the (Nb,Ti)C carbides are re-precipitated with this morphology. Table 2 presents the EDS point analysis performed at: the matrix, inside the grain; grain boundary region; Laves phase and; (Nb,Ti)C particles with "Chinese script" morphology. Table 2 ). the reduction of temperature, there is a decreasing mass fraction of liquid, but with the remaining liquid being continually enriched by Nb, achieving circa 11% in weight. were evidenced, even for the sample exposed to the 1 min interval. For 120 and 480 min, the peaks related to the Nb-rich phases and oxides become less intense, as compared to the ␥-matrix peaks, indicating the gradual loss of such phases, which corroborate the findings based on image analysis. At high temperatures, different types of Nb oxides can be formed, especially NbO and Nb 2 O 5 [16, 17] . The formation of Nb oxides is related with the affinity to the Nb segregated in regions as grain boundaries and the oxidation and decomposition of Nbrich MC carbides [16] [17] [18] . Estimates of the depth of penetration of the oxidation into the surface were made based on the data for superalloy 718 at 1300 • C presented in the work of Greene and Finfrock [4] . The depth of penetration varied from 1.6 m (for 1 min) to 35.9 m (for 480 min). However, it should be considered that, in addition to the fact that the oxygen diffusion occurs preferentially through the grain boundaries, the liquation of these regions would enhance even further the oxygen penetration and Nb segregation. [19] . As aforementioned, for an increasing overheating time, the grain size and area fraction of Nb-segregated regions and Nb-rich phases increased accordingly, as presented in Table 3 . The initial grain size (for the solution annealed sample) was 65.49 ± 5.18 m. The grain size continually increased with time, reaching 154 m for 480 min. Concerning the area fraction of Nb-rich regions, even for a short time as 1 min a significant amount of Nb segregation is induced, resulting in the liquation of the boundaries and (Nb,Ti)C particles. Subsequent solidification results in the formation of Laves phase and reprecipitation of (Nb,Ti)C with "Chinese script" morphology. The area fraction values of the Nb-rich phases do not change significantly up to 60 min. Then, a sharp decrease is observed between 60 and 480 min. Fig. 6 shows a diagram in which a ratio between the area fraction of the Nb-rich phases (Laves + (Nb,Ti)C) to the grain size ("AF/GS ratio") was established and plotted against the overheating time. As the dominant sites for the liquation and subsequent formation of Laves and (Nb,Ti)C are the grain boundaries, this AF/GS ratio can be related to the amount of previous liquation and consequent formation of Nb-rich phases per length of boundary. The analysis of the AF/GS ratio with overheating time shows a two-stages behavior, with the threshold time of 60 min. As the grain size continually increases, the grain boundary extension decreases, resulting in an ongoing reduction of the AF/GS ratio, meaning that the liquid is increasingly concentrated at grain boundaries, especially up to the 60 min threshold. After this time, an additional mechanism acts, reducing the amount of liquid along grain boundaries. Greene and Finfrock [4] showed that at the temperature of 1300 • C, the oxidation becomes catastrophic and the samples can be deformed by the influence of its own weight. As the grain boundaries form an interconnected network, the increasing amount of liquid segregated at these regions, in conjunction with the oxidation and structural collapse of the sample, can lead to the "channeling" of the intergranular liquid and oxides out at the surface of the sample. This "channeling effect" is similar to the one observed during solidification of superalloy 718 ingots [20] . Initially, the boundaries close to the surface become gradually "segregation-lean" and, with the aid of oxidation along grain boundaries, a sharp disruption of boundaries occurs. This disruption and the partial loss of the intergranular species help to explain the reduction of the oxide and Laves peaks on the diffractograms for the 120 and 480 min samples, as the proportion of the matrix to the remaining phases is increased. Fig. 7 shows the 120 and 480 min samples, with the "segregation lean" boundaries close to the surface, as well as partial or complete disruption of the boundaries.
Conclusions
Based on the findings presented above, the following conclusions can be addressed:
-when the material is exposed to a temperature of 1300 • C, extensive and continuous liquation at the grain boundaries was promoted even for a short time as 1 min, evidenced by the Nb segregation at grain boundaries and formation of Laves phase and (Nb,Ti)C with "Chinese script" morphology during cooling; -the grain size increased with the overheating time, decreasing grain boundary extension in the samples. This, in turn, resulted in more liquid segregated per length of boundary and the consequent precipitation of Nb-rich phases during cooling; -however, after a threshold time (60 min in the present study), the segregation behavior changed sharply, with an accelerated loss of liquid from the boundaries and the disruption of these boundaries, especially near the surface of the sample which, in turn, was related to the structural collapse of the material due to the intense liquation and the high degree of oxidation of the alloy.
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